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I NTRODUCT I ON 


The Langley Research Center of NASA has been Involved in a research 
program for the development of a i rf rame- i ntegrated Scramjet concepts. These 
concepts use the entire undersurface of the aircraft to process the engine 
airflow. The forebody of the aircraft serves as an extension of the engine 
inlet and the afterbody serves as an extension of the engine nozzle. 

The NASA Hypersonic Research Engine (HRE) program (ref. 1) was a major con- 
tributor to the development of Scramjet technology. This program culminated in 
(1) successful development of the first f I i ghtwei ght, hydrogen-cooled engine 
structure, including verification tests in the NASA-Langley 8-Foot High- 
Temperature Structures Tunnel; and (2) confirmation of dual-mode (subsonic/ 
supersonic combustion) aerothermodynamic performance at Mach 5 to 7 in the NASA- 
Lewis facility at Plum Brook. Baseline data for the current study were also 
taken from the NASA-sponsored hydrogen-cooled panel studies (refs. 2 and 3). 

The current study is an extension of the preliminary therma I -structura I 
design of an a i rf rame- i ntegrated Scramjet conducted by NASA (ref. 4). The 
objective is to define an engine concept that has a sound basis in materials 
and manufacturing technology. Emphasis is placed on the engine thermal- 
structural design, although consideration is given to the fuel subsystem and 
the aircraft interface. The therma I -structura I design evolved in the ref. 4 
study and the HRE technology form the basis for this effort. The aerodynamic 
lines were defined by NASA and remained unchanged during the study. This 
report summarizes the results of the current study. Details are given in 
refs. 5 and 6. 

Engine design is based on a research-size aircraft to provide a focal 
point; however, technological development is aimed at eventual commercial 
applications. The importance of hypersonic technology, its potential appli- 
cations, and the case for a hypersonic research vehicle are described by Hearth 
and Preyss (ref. 7). Convective I y cooled engine and airframe structures for 
hypersonic flight are reviewed in ref. 8. 

The principal contributors to the study were Messrs. J. J. Ki Mackey 
(program engineer); E. A. Katinszky, G. D. Mueller, and S. Tepper (structural 
analysis); A. A. Vuigner and C. C. Wright (thermal and flow analyses); and 
M. Cooke (mechanical design). Values for the physical quantities are given in 
both SI and U.S. Customary units. Calculations were made in U.S. Customary units. 

Identification of commercial products in this report is to adequately 
describe the materials and does not constitute official endorsement, expressed 
or implied, of such products or manufacturers by the National Aeronautics and 
Space Administration. 


SYMBOLS 

M^ Free-stream Mach number, dimensionless 

qoo Free-stream dynamic pressure. Pa (psf) 

ay Yield stress. Pa (psi) 

4> c Cooling equivalence ratio (fuel used for regenerative 

engine cooling as fraction of fuel burned), dimensionless 



<f>f 

Fuel equivalence ratio burned, dimensionless 


AP 

Pressure drop. Pa (psi) 


AT 

Temperature difference, K (°R) 


T 

Temperature, K C°R) 


P 

Two 

Pressure, Pa (psi) 

Temperature at outer (aerodynamic) surface of cool 
wall, K <°R) 

ing jacket 

Twi 

AT W 

Temperature at inner surface of cooling jacket wal 
Temperature difference across cooling jacket wall, 
K ( °R) 

1, K ( °R) 
Two“Tw i » 


ENGINE DESCRIPTION 


A typical installation of the a i rf rame- i ntegrated Scramjet engine on a 
high-speed airplane is shown in fig. 1. The rectangular modular engine is 
attached directly to the vehicle undersurface. The aircraft forebody serves 
as the air inlet compression ramp and the afterbody serves as an extension of 
the engine nozzle; the entire undersurface is integrated into the engine design. 
The modular engines provide maximum capture of the airflow between the body 
and bow shock with minimum external drag. 



Figure 1. -Scramjet engine configuration and installation. 
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Two inner Scramjet modules are shown in fig. 1; the sidewall of one module 
is removed to show the internal engine surfaces. A module for this study was 
45.7 cm (18.0 in.) high by 36.6 cm (14.4 in.) wide with an overall length of 
314.3 cm (123.7 in.). To provide accessibility and replaceabi I ity of parts, 
each Scramjet module is comprised of four structural panels: topwail, cowl, 
sidewalls, and three fuel injection struts. The sidewalls of adjacent modules 
are split, with common leading and trailing edge. This facilitates assembly and 
accommodates lateral thermal expansion of the modules. The two side struts are 
identical, have asymmetric cross-sections, and have 3/2 of the chord of the 
center strut, which has a symmetric cross-section. 

The module structural design concept is shown in fig. 2. All engine 
internal and external surfaces exposed to aerodynamic flow are cooled regenera- 
tively by circulating hydrogen fuel (prior to injection) through a cooling 
jacket. Coolant is introduced in the inlet and nozzle regions (low heat load) 
and flows toward the engine throat (highest heat load), where it is collected 
in manifolds and directed to the fuel plenum. From there, the fuel is routed 
to manifolds in each strut and injected into the airstream. 

Materials proposed in the design are: honeycomb panels (topwail, side- 

walls, and cowl), Hastelloy X and Inconel 718; strut primary structure. Inconel 
718; stiffening beams, inconel 718; manifolds and the leading and trailing edge 
support structure, Hastelloy X; cooling jacket, Nickel-200 and Hastelloy X; and 
the mounts and mounting frame. Inconel 718. 



Figure 2. -Salient features of 


cooled Scramjet structure. 
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DESIGN CONDITIONS 


Normal engine operation is from Mach 4 to 10 with cruise at a dynamic 
pressure of 23.9 kPa (500 psf) and ascent at a dynamic pressure of 71.8 kPa 
(1500 psf). The engine also has the capability of undergoing a 2-g powered 
maneuver within this envelope. The a 1 1 i tude-Mach number envelope for design 
conditions A through I is shown in fig. 3. It is assumed that the engine can 
reach steady-state operation at any point within the envelope. Transient 
conditions such as startup or shutdown can dictate structural design, and are 
therefore considered in the study. 



Figure 3. —A 1 1 i tude-Mach number envelope. 
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Structural Design Criteria 


The basic design objective for the engine is to minimize engine mass and 
cooling requirements and maintain structural integrity during all flight condi- 
tions, including any engine unstarts and any periods of high heat flux to the 
engine with or without combustion. Design life goals are 100 hours of hot 
operation with 1000 operational cycles. 

In addition, the engine must withstand 10 engine unstarts during the 100- 
hour lifetime at the maximum aero-pressure loading condition. Thermal and 
mechanical distortions that occur during normal service are to be limited, to 
change flow areas by no more than 5 percent or angles by no more than 0.4 deg. 


Fuel /Coo I ant Conditions 

The fuel /coolant is parahydrogen stored cryogen ica I I y as a liquid at 20 K 
(37°R) and 138 kPa (20 psia). Hydrogen temperature at the engine inlet is 
taken as 56 K (100°R) to allow for pump work and aerodynamic heating effects. 

For maximum utilization of the hydrogen heat sink capability, the design objec- 
tive is to heat the hydrogen coolant to 890 K (1600°R) (primary structure 
temperature limit) within any cooling circuit. 

The minimum f ue I - i n ject i on pressure is specified as 4.83 MPa (700 psia) 
to assure the proper fuel flow rate and penetration into the airstream. The 
pressure drop across any cooling circuit is assumed to be 1.72 MPa (250 psi), 
with an additional 0.34 MPa (50 psi) allowed for the control valves and distri- 
bution system. The resulting coolant inlet manifold pressure is 6.9 MPa (1000 
psia), which is compatible with the pressure containment capability of candidate 
structures and turbopump delivery pressures. It does not necessarily represent 
an upper limit for either. 


DESIGN LOADING 


Aerodynamic Heating 

Aerodynamic heating of the internal engine surfaces (sidewall, topwall, 
cowl), strut sides, and external surfaces was determined for the Condition H 
maximum thermal load case (fig. 3). The adiabatic wall reference enthalpy 
method was used to calculate aerodynamic heating rates. Results are presented 
in fig. 4 for the sidewall only, which is typical of the other components. The 
integrated heat load for an inboard module is 6.85 MW (6500 Btu/s), and is 7.62 
MW (7320 Btu/s) for an outboard module. 
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Figure 4. -Aerodynamic heating rates on engine sidewall at the top. 


Leading Edge Heat Flux 

Leading edge heat fluxes were calculated using the stagnation point method 
of Fay-Riddel l (ref. 9). The normal component of total pressure was used in 
the calculation of leading edge velocity gradient to account for leading edge 
sweep angle. The wall temperature at the stagnation line was assumed to be 
833 K (1500°R). Radii of 0.8 and 1.3 mm (0.030 and 0.050 in.) were evaluated. 
The 1.3 mm (0.050 in.) radius was selected; the heat fluxes are listed in 
Table 3, which is presented in a subsequent section of this report. 


Corner Flow Heating 

The aerodynamic heating rate in the corners was determined from ref. 10. 
This indicated that the corner heating was of the same magnitude as on the flat 
surfaces. It was therefore not a factor in defining cooling jacket configuration 
and operation. 
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Pressure Loads 


Maximum pressure loads occur in the event of an engine unstart. For 
design, the unstart is postulated to occur due to thermal choke at Mach 5.2. 
Typical loads for the sidewall are shown in fig. 5. This loading has the 
greatest impact on strut design. The integrated strut loads are shown in 
fig. 6 for the possible combinations. These loads assume that the unstarted 
pressure acts on the base area of the trailing edge. Because the isobars are 
vertical on the unstarted side and swept on the started side, a torsional load 
is produced. Experimental data for the unstart condition are presented in 
ref. 11. 



Figure 5. -Engine unstart pressure distributions on the 
sidewall at three heights 
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Figure 6. -Strut loads, transient unstart conditions. 

(Loads are given in kN and parenthetically 
in lb; arrow indicates direction) 

DESIGN AND PERFORMANCE 


Material Selection 

The study was based on the premise that existing materials and known 
manufacturing methods will be used. Hastelloy X was selected as the refer- 
ence material because of an extensive data base and successful application in 
the Hypersonic Research Engine (HRE) program (ref. 12). 

Cool ing jacket . — None of the available nickel- or cobalt-base wrought 
superalloys have a clear-cut superiority, although published properties indicate 
an advantage for Inconel 617. The data base for Hastelloy X, especially on 
low-cycle-fatigue (LCF) life, is more extensive than for other alloys; there- 
fore, Hastelloy X was selected where adequate. Because of exceptionally high 
ductility, Nickel-200 or Nickel-201 are attractive alternates. However, because 
of low creep strength, the maximum operating temperature must be limited to 
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1060 K (1910°R) or less. Directly applicable low-cycle fatigue data and high- 
temperature creep data are lacking. Such data are being obtained as part of 
NASA Contract NAS 1 — 141 80 with the NASA Langley Research Center. Preliminary 
data are presented in ref. 13. 

Primary structure . — The maximum operating temperature for the primary 
structure is 890 K (1600°R). At this level. Inconel 718 is generally optimum 
because of superior yield strength compared with Haste! I oy X or Inconel 617. 
Fabrication is more difficult with Inconel 718 than with Haste I I oy X because 
of the tendency for welded assemblies to distort during the heat treatment 
cycle. Consequently, Haste I I oy X was selected as a baseline except where the 
higher strength of Inconel 718 is required. 

Coolant Flow Routing 

Design conditions . — Coolant inlet and outlet temperatures are 56 and 890 K 
(100° and 1600°R), respectively. Coolant inlet pressure is 6.9 MPa (1000 psia) 
and the pressure drop in the actual cooling jacket of any one circuit is limited 
to 1.4 MPa (200 psi). An added 0.68 MPa (100 psi) total was assigned to manifold- 
ing, distribution system, and valving. 

Component flow arrangement . — Several routing schemes were investigated. 

Most of the possible routes produced an excessive pressure drop, excessive 
temperature gradient, or a sudden step change in skin temperature of greater 
than 220 K (400°R) . The selected coolant flow routing through an engine module 
is shown in fig. 7. This scheme requires a minimum number of manifolds and the 
flow is easy to meter because of an adequate pressure drop in each panel. To 
alleviate temperature mismatch, the four panel outlet manifolds were made 
coplanar with the swept sidewall manifolds. 

The maneuver condition (H) was used as the basis for temperature matching. 
This is a short-term condition relative to a cruise condition, which is the 
more applicable condition for temperature matching. Condition H was used, 
nevertheless, because detailed thermal analysis was performed at this condition 
and because the results serve to demonstrate the concept. 

With the scheme shown in fig. 7, coolant for the entire aft end of the 
engine is fed through the trailing edges of the cowl and top surface. Redis- 
tribution shunt manifolds are located on the top surface and internal cowl 
surface in line with the trailing edge of the internal sidewall. At this point 
a portion of the coolant flow is split from the aft top surface and aft internal 
cowl cooling circuits, and is directed to the side distribution manifold. Flow 
is directed from this manifold to the aft portion of the sidewall circuits. 

A tradeoff analysis using pressure drop and cooling jacket in-depth temper- 
ature difference as parameters resulted in an optimum outlet manifold position 
at X/L = 0.61 (at the cowl plane). The in-depth temperature difference proved 
to be relatively insensitive to small variations in outlet manifold position. 

The manifold position was therefore selected to minimize the interface 
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temperature difference between panels, as shown in fig. 8. This represents 
acceptable primary structure temperature profiles (honeycomb hot face sheet). 

The maximum interpane i temperature difference at any sweep line position is 
120 K (216°R). Coolant flow conditions i n each circuit of an inner module 
for Condition H are defined in fig. 9. 

Strut flow routing . — Two strut flow routing schemes were examined: 

(1) coolant flow parallel to the plane of the cowl; and (2) coolant flow along 
the 48-deg sweep line. The second scheme did not offer any significant advan- 
tages and the resulting flow paths created significant temperature discon- 
tinuities. Consequently, the flow routing scheme with the hydrogen coolant 
flow parallel to the plane of the cow], as shown in fig. 10, was selected. 
Coolant flow conditions for the struts are noted in fig. 9. 

Flight Envelope Cooling Requirements 

To determine engine heat loads at conditions throughout the operating 
envelope (see fig. 3), the engine was divided into four regions: inlet, com- 

bustor, nozzle, and external surfaces. Heat loads at other conditions were 
determined based on Condition H loads and the particular heat transfer mechanism 
in each of these regions. The inlet has mostly laminar flow with constant total 
enthalpy (inlet air); the combustor has turbulent flow with increasing total 



X/L on cowl plane 


Figure 8. -Primary structure temperature profiles with coplanar 
outlet manifolds and shunt flow routing. 
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Figure 10. -Strut coolant flow routing parallel to hot gas flow. 

enthalpy (inlet air to combustion products); the nozzle has turbulent flow with 
constant total enthalpy (combustion products); and the external surfaces have 
mostly turbulent flow with constant total enthalpy (inlet air). The calcula- 
tions included the average effect of mass velocity, wall temperature, and hot 
gas fluid properties in each region. 

Results are presented in Table 1 for an inboard module, an outboard module, 
and a six-module cluster (four inboard and two outboard modules). Minimum 
hydrogen coolant flow rates were established assuming that the coolant is heated 
from 56 K (100°R) to 890 K (1600°R) except for Condition A T . For this condition 
all fuel was routed through the coolant circuits. The inlet temperature was 
increased until this total flow was heated to the 890 K (1600°R) maximum fluid 
outlet temperature and the cooling equivalence ratio, <£ c , was equal to 1.0. For 
this cruise condition, the coolant supply temperature may be increased to 420 K 
(756°R), which indicates that 44 percent of the coolant heat capacity is avail- 
able for airframe cooling. These coolant rates are considered minimum because 
of inherent inefficiencies in the cooling system. 

The coolant equivalence ratios, <f> Ct in Table 1 are based on fuel flows for 
stoichiometric combustion at all operating conditions. The coolant requirements 
were determined from conditions listed in fig. 3, with = 0, 1.0, and 1.5. 

The fuel equivalence ratio, 0f, of 1.5 is not used since it applies only to the 
selected design point for a research airplane. It is required to provide ade- 
quate thrust in this application and is not appropriate to a commercial airplane 
The values given in Table 1 for 4> c at <£f = 1.0 assume that the heat load and 
coolant flow are unchanged in going from = 1.5 to <£f = 1.0. The maximum and 
minimum <£ c , which occur at Conditions B and C, respectively, reflect their 
extreme positions on the a 1 1 itude-Mach number envelope (fig. 3). 

The fraction of the stoichiometric fuel flow required to cool the Scramjet 
engine at two dynamic pressures is shown in fig. 1 1 as a function of Mach number 
The fuel provides an adequate heat sink for cooling the engine at Mach numbers 
up to approximately 9 at a dynamic pressure of 24 kPa (500 psf) and to even 
higher Mach numbers at a dynamic pressure of 72 kPa (1500 psf). The cooling 
requirements are less severe at the higher dynamic pressure because. the heat 
load increases as the 0.8 power of the dynamic pressure, while the fuel require- 
ment increases linearly. At lower Mach numbers there is surplus hydrogen fuel 
heat sink for airframe and/or additional engine cooling. 


13 



TABLE 1 . -ALT I TUDE-MACH NUMBER ENVELOPE COOLANT REQUIREMENTS 


FI ight 
cond i t i on 
(Fig. 3) 

1 nboard 
modu 1 e 
heat 
load, 

MW 

(Btu/s) 

Outboard 
modu 1 e 
heat 
load, 

MW 

(Btu/s) 

S i x 

modu 1 e 
heat 
load, 
MW 

(Btu/s) 

1 nboard 
modu 1 e 
coolant 
flow, 
kg/s 
( 1 bm/s ) 

Outboard 
modu 1 e 
coo 1 ant 
flow, 
kg/s 
( 1 bm/s ) 

S i x 

modu 1 e 
coo 1 ant 
flow, 
kg/s 
( 1 bm/s) 

1 nboard/ 
outboard 
mod u 1 e 
fuel flow, 
kg/s 
( Ibm/s) 

S i x 

mod u 1 e 
fuel flow, 
kg/s 
( 1 bm/s) 

1 nboard 
modu 1 e, 
cool ing 
equ iv. 
ratio, <f, c 

(0f = 1.0) 

Outboard 
module, 
cool i ng 
equ iv. 
ratio, # c 

(0f = 1.0) 

S i x 

modu 1 e 

0c a+ 
0f = 1 

A 

1.48 

1.73 

9.39 

.118 

.138 

.748 

.245 

1.470 

.483 

.563 

.509 


(1407) 

(1640) 

(8908) 

(.261) 

(.304) 

(1.650) 

(.540) 

(3.240) 




A' 

1.48 

1.73 

9.39 

.245 

.249 

1.47 

.245 

1.470 

1 .000 




(1407) 

(1640) 

(8908) 

(.540) 

(.540) 

(3.240) 

(.540) 

(3.240) 








"'"in 

"'"in 

1" i n 










486 K 

420 K 

464 K 










(876°R) 

(756°R) 

(836°R) 






B 

3.58 

4.04 

22.42 

.285 

.322 

1.79 

.365 

2.188 

1.173 

1 .324 

1.239 


(3399) 

(3835) 

(21266) 

(.629) 

(.710) 

(3.936) 

(.804) 

(4.824) 




C 

1.13 

1 .44 

7.41 

.090 

.115 

.591 

.584 

3.503 

.155 

.197 

.169 


(1075) 

(1366) 

(7032) 

(.199) 

(.253) 

(1.302) 













(1.287) 

(7.722) 




D 

2.87 

3.31 

18.08 

.229 

.264 

1.44 







(2719) 

(3135) 

(17146) 

(.504) 

(.581) 

(3.175) 


3.644 

.376 

.434 

.395 








(1.339) 

(8.034) 




E 

4.06 

4.60 

25.45 

.324 

.367 

2.03 







(3855) 

(4361 ) 

(24142) 

(.714) 

(.808) 

(4.471 ) 

.581 

3.484 

.558 

.631 

.582 








(1.280) 

(7.680) 




F 

5.75 

6.41 

35.81 

.458 

.510 

.285 







(5454 ) 

(6076) 

(33968) 

(1.010) 

(1.125) 

(6.290) 

.828 

4.970 

.829 

.924 

.861 








(1.826) 

(10.956) 




G 

2.70 

3.16 

17.12 

.215 

.251 

1.36 







(2562) 

(2993) 

(16234) 

(.474) 

(.554) 


.667 

4.003 

.332 

.377 

.341 








(1.471) 

(8.826) 




H 

6.85 

7.72 

42.85 

.546 

.615 

3.41 







(6500) 

(7319) 

(40638) 

(1.205) 

(1.355) 

(7.526) 


6.042 

.813 

.915 

.848 








(2.220) 

(13.320) 




1 

3.25 

3.88 

20.74 

.259 


1.65 







(3078) 

(3680) 

(19672) 

(.570) 

(.681 ) 

(3.643) 

0.0 

0.0 



“ 

.410 
























Figure 11. -Engine cooling requ i rements. 

Thermal Protection System (TPS) 

Coolant passage design . — Three types of coolant passage configurations 
were considered: (1) rectangular offset plate-fin, (2) rectangular plain 

machined channel, and (3) circular pin-fin. A sketch of each configuration 
and the dimensional ranges considered are shown in fig. 12. Pin-fins were 
selected for the struts and machined channels for all other components. The 
pin-fins provide the increased heat transfer performance required in the struts, 
as compared with straight channels; the associated increase in unit pressure 
drop is acceptable because of the short flow lengths. 

The cooling performance of each configuration was determined at average 
hydrogen flow conditions for each flow route. Coolant pressure drop was esti- 
mated for the entire flow route; the temperature difference across the coolant 
passage was determined only at the peak heat flux condition or location. 

Passive as well as active schemes were investigated for external surface 
cooling. With insulation, the net heat load to the structure is low but still 
must be absorbed by some means. The primary drawback to passive cooling is 
that the hot substrate must be attached to the cooler engine structure, leading 
to heat conduction to the primary structure, potentially serious soak back, and 
thermal stress problems. Since the coolant requirement is only approximately 
5 percent more than ideally obtainable with use of insulation and the above 
problems are eliminated, active cooling was selected for the external surfaces. 
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0.38 mm 



N = fins per cm of flow width 
F i ns cons i de red : 

(1) N = 11, b = 1.3 mm, t = 0.15 mm 

(2) N = 14, b = 0.64 mm, t = 0.05 mm 

(a) Rectangu lar offset plate-fin 




Dimensions considered: 

Sp = 2. 0 mm 

Dp = 0. 76 and 1 . 02 mm 

b = 0.64, 1.27, 1-91 mm 
(c) Pin-fin 


Figure 12. -Coolant passage configurations. 
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Fatigue Life . — The primary structure is cool relative to the aerodynamica I I y 
heated face sheet of the cooled passage and limits the thermal expansion of 
the heated face sheet, which is less stiff. This results in repetitive elastic- 
plastic loading cycles that cause accumulated damage and eventual failure 
by low-cycle fatigue (LCF). The LCF life of the candidate configuration was 
determined by finite element analysis. 

Final selections and estimated performance for the cooling jackets are 
presented in Table 2. The following criteria were used: (1) cooling jacket 
pressure drop including any shunt circuits must be less than 1.38 MPa (200 psi); 
(2) Flastel loy X is used except where coolant passage in-depth temperature dif- 
ference exceeds 222 K (400°R); (3) Nickel-200 is used in high heat flux areas 
where Flastel loy X is not suitable; and (4) maximum cooling jacket face sheet 
temperature must be less than 1144 K (2060°R) for Flastel loy X and 1060 K 
( 1910°R) for N i eke i -200. 

The coolant passage geometry is not critical for external engine surfaces. 

A machined channel is recommended because of its greater structural stiffness, 
low temperature gradients, and compatibility with the other coolant passage 
geometr i es. 


Leading Edges 

Coolant routing . — Two basic coolant routing schemes for the leading edges 
were considered: impingement, direct and indirect; and para I I e I -f low. The con- 

figuration for direct impingement cooling is shown by the solid lines in fig. 13. 


TABLE 2. -COOLING JACKET PERFORMANCE. 


Flow c i rcu i t 

Conf iguration 

Mater i a 1 

Coo 1 i ng 
jacket 
i n-depth 
temperature 
d i f f erence, 
K ( °R ) 

Maximum skin 
temperature, 
K (°R) 

Total AP, 
MPa (psi) 

Cycle 
1 i fe 

Cowl, forward 

Channel, 0.64 mm deep 

Nickel 

169 (305) 

423 (761) 

0.76 (110) 

5000 + 

Cow 1 , aft* 

Channel, 0.64 mm deep 

Haste 1 loy X 

202 (363) 

1102 (1983) 

1.07 (155) 

14 50 

Side, forward 

Channel, 0.64 mm deep 

Nickel 

135 (243) 

685 (1233) 

0.70 (101) 

10,000 t 

Side, aft 

Channel, 0.64 mm deep 

Haste II oy X 

178 (320) 

1078 (1940) 

1.24 (180) 

1820 

Top, forward 

Channel, 0.64 mm deep 

Hastel loy X 

146 (263) 

608 (1094) 

0.35 (51) 

5000 + 

Top, aft 

Channel, 0.64 mm deep 

Haste 1 loy X 

119 (215) 

1019 (1835) 

0.65 (94) 

5000 + 

Strut, center 

P i n-f i n , 1 .0 mm d i a 
by 0.64 mm deep 

Nickel 

167 (300) 

1011 (1820) 

0.33 (48) 

2500 t 

Strut, side 

Pin-fin, 1.0 mm d ia 
by 0.64 mm deep 

Nickel 

138 (249) 

1038 (1869) 

0.79 (114) 

4000 t 


*External cowl and nozzle portions of the topwal I and internal cowl utilize a 1.27-mm-deep 
channel surface. 
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Figure 13. -Coolant routing for direct impingement 
cooling of leading edges. 

With indirect impingement, the flow turns nearly 180 deg (less the wedge angle), 
as indicated by the dashed lines in fig. 13. This produces a near- impingement 
coo I i ng effect. 

In the parallel-flow concept, the coolant flows in a channel just behind 
and parallel to the leading edge. This concept was eliminated because the 
skin temperature difference and pressure drop are higher than for impingement 
cooling, and the flow routing is not compatible with the longitudinal flow 
routing of the engine panels. 

Heat transfer performance . — Results for impingement cooled schemes are 
summarized in Table 3. Metal temperatures presented are for the stagnation 
point with 0.38-mm (0.0 1 5- in . ) -th i ck Haste I I oy X. Except for the first 2.5 mm 
(0.1 in.) of length, overall coolant circuit performance is similar for either 
direct or indirect impingement cooling, and therefore is not a factor. 


TABLE 3. -LEADING EDGE THERMAL PERFORMANCE WITH HASTELLOY X. 


Lead i ng 
edge 

Heat 
f 1 ux, 
MW/m^ 
(Rtu/s- 
ft2) 

1 nd i rect 
i mpi ngement 

Direct impingement 

Par 

ho' 

_ a 1 1 e 1 to 
gas f ! ow 

Norma 1 to 
sweep 1 i ne 

T WO' 

K (°R) 

"^w i » 

K ( °R ) 

AT w* 

K (°R) 

T 

1 WO 9 
K (°R) 

T w i * 

K ( °R ) 

AT W , 

K ( °R ) 

T wo* 

K (°R) 



S i dewa 1 1 

10.61 

758 

464 

294 

587 

313 

■SB 

560 

286 

274 


(935) 

(1365) 

(835) 

(530) 

(1057) 

(564) 

mm 

(1008) 

(515) 

(493) 

Cow 1 

14.36 

582 

211 

371 

681 

310 

371 

- 

- 

- 


(1266) 

(1048) 

(380) 

(668) 

(1226) 

(558) 

(668) 

- 


“ 

Cow i 

45.84 

1364 

440 

924 

- 

- 

- 

1494 

639 

855 

apex 

(4042) 

(2456) 

(792) 

(1664) 

- 

- 

- 

(2690) 

(1150) 

(1540) 

Center 

20.25 

1261 

835 

426 

1125 

599 

526 

1052 

527 

525 

strut 

(1792) 

(2270) 

(1503) 

(767) 

(2025) 

(1079) 

(946) 

(1893) 

(948) 

(945) 

Side 

15.04 

1037 

657 

390 

901 

51 1 

390 

840 

394 

446 

strut 

(1331 ) 

(1867) 

(1165) 

(702) 

(1621 ) 

(919) 

(702) 

(1512) 

(710) 

(802) 

_ 


Note: Temperatures are for conditions at the stagnation line. Heat fluxes are shown for 

T wo = 833 K ( 1 500 °R) 
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Direct impingement cooling produces the highest heat transfer coefficients, 
resulting in the lowest leading edge temperatures. For the cowl and cowl apex, 
indirect impingement is used for compatibility with the overall coolant flow 
routing and flow route temperature profiles. The sidewall, cowl, and side strut 
leading edge temperatures appear to be acceptable, although temperature differ- 
ences are high. Performance at the cowl apex is unsatisfactory with Hastelloy X. 
Nickel-200 was therefore considered for use here and to increase the cycle life 
of other leading edges. 

Cycle I i fe analysis . — The estimated leading edge cycle life is given in 
Table 4. The strain range partitioning technique (refs. 14, 15, and 16) with a 
safety factor of 4 was used. Typical material properties and a strain concen- 
tration factor of 2.0 were specified. For Hastelloy X, the temperature data 
presented in Table 3 were used directly. For Nickel -200, the data in Table 3 
were ratioed by the thermal conductivities to estimate the operating tempera- 
tures. The results lead to the following conclusions: 

(a) Cycle life requirements can be met by using Nickel -200 material for 
all leading edges including the cowl apex. 

(b) Direct impingement cooling should be used for the sidewalls and struts 
because it produces superior cycle life. 


TABLE 4. -LEADING EDGE CYCLE LIFE. 


Locat i on 

imp i ngement 
coo 1 i ng mode 

Cycle life with candidate materials 

Haste 1 loy X 

Nickel-100 

S i dewal 1 

D i rect 

2800 

10,000 


1 nd i rect 

500 

- 

Cow 1 

1 nd i rect 

1000 

16,000 

Cowl apex 

1 nd i rect 

40 

1400 

Side strut 

D i rect 

400 

2600 


1 nd i rect 

300 

- 

Center strut 

D i rect 


_ 


1 nd i rect 

150 

1700 


Although Nickel-200 is the recommended material, its creep strength is low. 
The selection of Nickel -200 is based on the use of general LCF correlations 
(refs. 14, 15, and 16). To confirm this selection, both detailed mathematical 
modeling and experimental evaluation of the long-term behavior of the leading 
edge structure with combined creep and fatigue loading are required. Consi- 
deration must also be given to the degradation of material properties in the 
braze-af f ected zone. Relevant basic experimental data on Nickel-200 is being 
obtained under NASA Contract NASI-14180 (ref. 13). 
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Fuel - I nject ion Struts 


Hydrogen manifolding and flow distribution . — The fuel and coolant can be 
routed through the struts either by separate I ines within the strut structure or 
by using the strut structure itself to contain the hydrogen. 

The approach using separate lines to contain the fuel and coolant was 
considered as a means of simplifying the overall plumbing arrangement and 
minimizing thermal stresses. This approach proved impractical. The limited 
flow areas available with tubes would have required manifolding from both ends 
of the struts — a formidable design problem given the restrictive envelope in 
the cowl . 

The integral manifold approach evaluated in ref. 4 was found to be effec- 
tive. The key feature in the design is a thermal buffer (a layer of stagnant 
hydrogen) that reduces the internal convection heating from the hot hydrogen 
in the manifolds. The resulting thermal stresses are reasonable. 

As part of the present study, flow distribution and pressure drop in 
the fuel injector manifolds, the coolant manifolds, and the cooling jackets 
in the center and side struts were analyzed in detail. In addition, the fuel 
injector nozzles were sized, and heat transfer coefficients in all flow passages 
were computed for use in future analyses. Fig. 14 shows the selected manifold 



Figure 14. -Side strut configurations and cooled wall structure. 


20 



I 


and structural configuration for a side strut. Satisfactory flow distribution 
can be obtained in all of the fuel and coolant manifolds. With constant diameter 
fuel nozzles, the nozzle flows varied a maximum of +7 percent from the average 
flow. The maximum coolant maldistribution was 11 percent and occurred in the 
cooling jacket of the side strut. 

Side strut structural analysis . — Structural analyses conducted by NASA 
(refs. 4 and 8) indicated an excessive stress level within the side strut when 
subjected to an unsymmetr ica I unstart condition. A possible solution is to tie 
the struts together at midspan, thereby decreasing the bending stresses due 
to the external side load by a factor of 2. Analysis and design showed that 
a midspan tie is structurally and aerodynamica I I y feasible; however, the result- 
ant complications in coolant flow routing and strut fabrication are substantial. 
It is also recognized that the data used in establishing the loading condition 
are uncertain. Means for reducing the thermal loading were therefore consid- 
ered as an alternate approach to reduce the combined loading without resorting 
to a midspan tie. 

Figs. 14 and 15 illustrate the selected strut configuration and mounting 
provisions. Bulkheads, 2.5 mm (0.100 in.) thick, resist bending and separate 
the coolant and fuel manifolds. To mount the strut in the topwa I I , a hinge 
is used; in addition, the strut is installed in a peripheral seal plate that 
forms part of the topwa I I and provides restraint of strut deformations. 


Bulkhead 



Sliding bal 1-jo 
bottom support 


int 
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The thermal loading of the struts was reduced by reducing the coolant 
outlet temperature of the struts to 417 K (750°R) from 889 K (1600°R). Th'is 
results in increasing the strut coolant flow by a factor of 2. The increased 
flow at Condition G is then about equal to the maximum coolant flow at Condition 
H with an 889 K (1600°R) coolant outlet temperature. The overall engine coolant 
at Condition G is increased by about 20 percent. This relatively large overall 
increase results from the need to match structural temperature and from the 
limited flow control available in individual routes for the selected coolant 
system concept. The required excess coolant is available at Condition G and 
other potential unstart conditions (Moo < 5.2), as shown in fig. 11. 

The NASA SPAR computer model of the strut was used to analyze the stresses 
associated with the selected configuration and mounting (ref. 17). The overall 
conclusion from this analysis is that the midspan tie can be eliminated. 
Restraint of strut deformation by the topwall mounting and operation with 
increased coolant flow (i.e., reduced temperature) permit this. 

A further detailed structural analysis was performed of a side strut and 
the wall regions surrounding it under maximum symmetrical unstart loading. This 
analysis was specifically aimed at assessing the performance of the seal at the 
interface of the side strut and the topwall. Analysis with various strut- 
mount clearances indicates that an initial, as-installed mount clearance 
of 0.51 mm (0.020 in.) is adequate to accommodate thermal expansion differences. 
The resulting seal requirements are also consistent with the design concept 
shown on the drawings in ref. 6. 

Primary Structure 

Three-dimensional finite element models . — The ref erence-des i gn primary 
structure used a combination of beam and honeycomb to contain the h i gh-pressure 
airflow. The concept included seven beams located parallel to the engine sweep 
line. Two other structural concepts were considered in this study. The first 
is similar to the reference design except that the beams are oriented verti- 
cally (normal to the airflow). The second is an a I I -honeycomb design in which 
most of the beams are eliminated in favor of a thicker honeycomb structure. 

The following elements are typical for all structures: 

Honeycomb front face sheet 1.5 mm (0.060 in.) thick 

Honeycomb back face sheet 1.3 mm (0.050 in.) thick 

Honeycomb cell 6.4 mm (0.25 in.) hexagon, 

0.08 mm (0.003 in.) gauge 

A constant 9.5-mm (3/8- i n. )-th ickness honeycomb is used for all panels in 
the swept and vertical beam models except for the external cowl and sidewall 
panels, which are 6.4 mm (1/4 in.) thick. Distribution of honeycomb thickness 
for the a I I -honeycomb design is defined in fig. 16. For the a I I -honeycomb 
design, the model was based on the assumption that the pane I -to-pane I inter- 
sections are rigidly connected and that there is a continuous honeycomb struc- 
ture around the corner. The actual design used stiffened corner brackets, as 
shown in fig. 2. 
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Tapered 


Topwa 1 1 



Tapered 




(dimensions in mm) 


Figure 16. -Honeycomb thickness variation ( a ! I -honeycomb model). 

Displacement and stress results for the sidewall are shown in fig. 17. 

The sidewall design is especially critical in terms of displacement of the 
unsupported leading edge area, the all-honeycomb design is superior to the 
others in this regard. 

Mass comparison . — Estimated mass was determined for each structural design 
using layout drawings as a basis and the dimensions of the individual parts 
as used in the finite element analysis. Results for a six-module cluster are 
1320 kg (2909 lb) for the swept beam design, 1306 kg (2879 lb) for the vertical 
beam design, and 1270 kg (2800 lb) for the a I I -honeycomb design. The honeycomb 
design has the least mass, but the differences are not considered especially 
sign i f icant. 

Design selection . — The honeycomb configuration was selected as the best 
design primarily because (1) it exhibits the least deflection in the sidewall 
and nozzle areas — an order of magnitude lower than the beam models; (2) it 
is the least complex structure — minimum beams and clips; and (3) it has a lower 
mass than the beam models. A reduced number of beams is desirable because 
the beams act as a restraint to thermal growth and thereby increase thermal 
stresses. 
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Displacements 




Maximum thermal load 

Maximum pressure load 

Structure 

Displacement, 
mm (in.) 

Comparat i ve 
stress MPa, (ksi) 

D isplacement , 
mm (in.) 

Compa rat i ve 
stress MPa, (ksi) 

Swept beam 

5.1 (.20) 

496 (72) 

55 ( 2 . 29 ) 

469 (68) 

Vertical beam 

3-3 (.13) 

414 (60) 

27 (1.08) 

593 (86) 

Honeycomb 

(shown) 

0.5 (.02) 

248 (36) 

5.8 (0.23) 

400 ( 58 ) 


Figure 17. -Displacement and stress results for the sidewall 














Transient analysis* — Temperature gradients in the structure during transient 
conditions, e.g., at engine ignition, may control structural design. The struc- 
ture was therefore analyzed to assess the magnitude of the transient temperature 
gradients and their effect on the selected design concepts. 

The mission profile selected for the analysis is shown in fig. 18. The 
acceleration and deceleration profiles were selected because they are typical 
of a research airplane, would represent the first application of the engine, 
and give the worst-case thermal transient load. These profiles were combined 
with a 1-hr cruise to provide the most severe overall mission. An estimate 
of the coolant temperature is shown in fig. 19. Combustion occurs at 120 s. 

At this same instant, the coolant flow is doubled because the heat load with 
combustion is about twice the value without combustion. The inverse of these 
operations occurs during deceleration. The transient study focused on the 
coolant outlet manifold, which experiences the largest temperature gradients 
and the highest temperatures. The engine thermal response in this region will 
be one-dimensional except at the corners that join the topwall to the sidewall 
and the sidewall to the cowl. Since the corner of a module was expected to be 
critical, all cross-sections analyzed were taken in this area. The topwall- 
sidewall corner section that was modeled on a thermal analyzer program and the 
temperature nodal locations are illustrated in fig. 20. 

Fig. 21 shows the temperature history at zone 1 (see fig. 20). The front 
is the hot face sheet of the cooling jacket, and the back is the unheated back 
face sheet of the honeycomb, which is as much as 5 cm (2 in.) from the hot face 
sheet. Hastelloy X and nickel were investigated for the honeycomb core. For the 
face sheet, whether the core is nickel or Flastelloy, the response is extremely 
fast. At the startup (fig. 20a), the front sheet very quickly reaches 890 K 
( 1600°R) , resulting in a f ront-to-back AT of 670 K (1200°R) for a Hastelloy core. 
At shutdown (fig. 20b), the temperature relationships of the front of the cool- 
ing jacket and the back of the honeycomb are reversed. The f ront-to-back AT 
developed is somewhat less than at startup — on the order of 550 K (1000°R) with 
a Haste I I oy core. 

Temperatures from the transient thermal analysis at 140 s into startup, at 
steady state, and at 80 s into shutdown were input into a finite element struc- 
tural analysis of the manifold area. The structural analysis, using the (ANSYS) 
computer program, predicted strain levels that would produce fatigue life below 
the design objective of 1000 cycles regardless of the material used for the 
honeycomb core. As noted above, these results are for the extremely severe 
transient for the rocket-propelled, research vehicle application. It is 
believed that acceptable life can be obtained for the much less severe commer- 
cial application by a combination of material change and changes in the mission 
trajectory and coolant and fuel scheduling. Studies also indicate that accept- 
able AT’s can be obtained, even for the research application, by modifying the 
cooling jacket design to transport heat to the unheated face sheet; however, 
this approach adds unwanted complexity to the engine design. 

Fig. 22 shows the sidewall structural temperature distribution along 
the engine axis at 125 s into the assumed mission (fig. 18). (The assumptions 
were slightly different than those used for the previous analysis, resulting 
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Effective coolant temperature. 



Effective coolant temperatu 










Outlet manifold location 



Figure 22. -Typical honeycomb temperatures. 


in somewhat different values.) At 125 s into startup, the maximum front- to- 
back AT is 500 K (900°R). It falls off fairly sharply with distance from the 
outlet manifold. At about 46 cm (18 in.) from the outlet manifold, front-to- 
back AT's are at steady-state values and are acceptable. Design solutions 
aimed at reducing front-' to-back AT are only required over an approximately 
1 m length. The rest of the engine will be controlled by steady-state front- 
to-back AT’s that have been found compatible with the design goals. 


ENGINE-AIRCRAFT INTERFACE 

A separate mounting frame is used to join the engine modules to the air- 
craft. The use of a separate frame allows assembly of the individual engine 
modules and installation on the airplane as a single cluster. This also mini- 
mizes the number of eng i ne-a ircraf t attachment points and permits accommodation 
of peculiarities in engine module mounting versus aircraft installation require- 
ments. Module loads are transmitted through the topwa I I honeycomb structure 
to the mounting frame. The selected concept is shown in fig. 23. in this case, 
six modules comprise the engine assembly. The frame is rectangular with cross- 
members at the module split lines. Inconel 718 was selected as the preferred 
material. It was assumed that the maximum temperature of the mounting frame 
would not exceed 589 K (1060°R). This temperature is based on calculations made 
for the HRE environment and assumes the use of flow baffles to limit convective 
heating by leakage flow in the engine compartment. 
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As shown in fig. 23a, the engine modules have two mounting points on the 
frame. Provisions for module thermal growth are shown in fig. 23b. The aft 
mount is fixed axially, but accommodates accumulative lateral expansion by 
sliding. The forward mount permits free axial expansion and again accommo- 
dates lateral expansion by sliding. An alternative to accommodation of lateral 
expansion is to absorb it in the split sidewalls. 

Fig. 23c shows the concept for accommodating thermal growth differentials 
between the engine mounting frame and the aircraft structure. The mounting 
frame is fixed axially at the forward attachment. Lateral growth is accommo- 
dated by pivots. The aft attachment accommodates lateral growth by means of 
pivots and axial growth by sliding connections. 
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Figure 23. -Engine mounting concepts. 
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Although the engine is modularized, the use of common sidewall leading and 
trailing edges and the generally limited access prevent separation of a single 
module assembly from the engine cluster. Repair of an individual panel, except 
for the external cowl, will also require removal of the engine assembly from 
the aircraft. Strut removal is through the topwall only. Access to the cowl 
interior and the space between sidewalls with the engine installed on the air- 
craft is possible by removing a panel on the external cowl. 


HYDROGEN FLOW CONTROL 


Coolant Flow Routing 

As previously discussed, the proportion of the total heat load absorbed by 
any individual flow circuit is not constant throughout the flight envelope. To 
achieve maximum coolant utilization, active controls will be required to main- 
tain the coolant outlet temperature close to the 890 K (1600°R) limit. The 
number of controls (coolant flow regulating valves) is dependent on how closely 
the 890 K ( 1600°R) limit must be met. A number of valves will be required to 
ensure that the desired interpanel temperature differentials are not exceeded 
and that the matching is close to that shown in fig. 8. 

The least complex approach is to valve all forward-flow routes in parallel 
and all aft-flow routes in parallel among the six modules. A third valve con- 
trols all strut flow routes. This concept divides the engine into three sec- 
tions: (1) the inlet section, (2) the combustor/nozzle section, and (3) the 

struts, it is assumed that during normal operation there is no large difference 
in heating rate between modules and that the heat load split between panels 
will remain in a reasonably fixed proportion for all flight conditions. Cali- 
brated or if icing can then be used to establish the basic flow split between 
the topwall, sidewalls, and cowl within the forward and aft circuits. 

No provision has been made in this concept to cut off coolant or fuel 
flow to a single module in the event of an unstart or other abnormal condition. 
Instead, this type of control is provided only for each group of three modules. 
Since the transient conditions in the engine are severe for even normal opera- 
tion, operation without combustion in one of the modules may prove feasible 
for the basic design. Control system response, in turn, may be too slow to 
prevent the imposition of the large temperature differences associated with 
combustion shutdown in one module. Additional valving would be of no benefit 
in such a case. Further detailed study will be required to evaluate the effects 
of abnormal conditions on both the engine structure and control system configura- 
tion. Since such abnormal conditions are strongly mission dependent, they 
were not evaluated in detail in this study. 
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Fuel System 


A preliminary study was conducted to define the Scramjet fuel system. 
Estimates of component size and mass were made. To permit selection and 
sizing of the turbopump system, it was assumed that the equipment would be 
used in a research airplane with 40 s of cruise at Mach 6. 

All hydrogen lines have been sized on the basis of a total fuel flow for 
six modules of 3.85 kg/s (8.5 Ib/s) and a single-module fuel flow of 0.644 
kg/s (1.42 Ib/s). 

A schematic diagram of the fuel system is shown in fig. 24. The modules 
are grouped in two sets of three. Each set of three modules has a turbopump, 
coolant regulating valves, and fuel valves. This arrangement permits testing 
either a three- or six-module cluster on the research airplane, and can also be 
used to provide redundancy during ground and flight testing. 


CONCLUDING REMARKS 


The overall objectives of this study were to: (1) develop and evaluate 
a design concept for the cooled structures assembly for the Langley Scramjet 
engine; (2) develop concepts for engine subsystems in sufficient detail to 
show feasibility and estimate mass, volume, and operating requirements; and 
(3) establish design concepts for the aircraft/engine interface. 

The work was organized into tasks aimed at providing the specific thermal- 
structural and subsystem data needed to meet the study objectives, including: 

(1) aerodynamic thermal loading definition, (2) conceptual design, (3) optimiza- 
tion and tradeoff, and (4) engine design and performance. Such factors as 
fabrication, assembly and sealing of components, maintenance and servicing, 
materials, flutter, buckling, thermal stress, and fatigue were considered in 
the study. 

Overall objectives for the Scramjet engine design can be met. The design 
life of 100 hr and 1000 cycles is attainable once the temperature differences 
during transients are controlled. The coolant equivalence ratio for stoich- 
iometric combustion is less than one at Mach numbers up to approximately 9 
at a dynamic pressure of 24 kPa (500 psf) and to higher Mach numbers at higher 
dynamic pressures. The mechanical design is feasible for manufacture using 
conventional materials. For the cooled structures in a six-module engine, 
the mass per unit capture area is 1328 kg/m^ (272 Ib/ft^). The total mass 
of a six-module engine assembly including the mounting (63.5 kg, 140 lb), the 
fuel/coolant system (245 kg, 540 lb), and plumbing and instrumentation (136 kg, 
300 lb) is 1778 kg (3920 lb). All masses include 5 percent design allowances. 


31 




Figure 24. -Schematic of engin 
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An a I I -honeycomb primary structure has less deflection and complexity 
than beam and honeycomb combinations of equal mass. The engine panels, i.e., 
the topwa I I , sidewall, and cowl, may be rigidly joined at the corners and no 
dynamic hot gas seals are required. Selected materials are: honeycomb primary 
structure — Inconel 718; cooling jackets — Haste I I oy X or Nickel-200; and lead- 
ing edges — Nickel -200. 

The transient performance of the cooling jacket and structure during 
engine startup and shutdown may govern the design. For the most severe 
assumptions concerning mission trajectory and engine operating procedures, 
based on a research application, in-depth temperature differences can range 
to 670 K (1200°R). Stresses will be less severe for commerc ia I -type applica- 
tions where acceleration to cruise is slower. Reduction of temperature dif- 
ferences to acceptable levels is possible by changes in operating procedures 
and, if required, in design of the cooling jackets. 

Design of the engine will benefit from additional data in critical areas. 
These include: (1) dynamics associated with transient unstart and normal 

operation because of their effect on the structure and controls requirements; 
(2) aerodynamic interaction of one module with the next module; (3) better 
definition of the distribution of heat flux in the combustor, of the shock 
patterns, and of corner heating; (4) the effect of leading edge blunting to 
1.27 mm (0.05 in.) on performance; and (5) the aerodynamic interaction of the 
aircraft and the engine as it affects therma I -structura I design of the engine 
itself and of the interfaces with an airplane. 
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